The fabrication of metal parts is the backbone of the modern manufacturing industry. Laser forming is the combination of five common technologies: lasers, rapid prototyping (RP), computer-aided design (CAD), computer-aided manufacturing (CAM), and powder metallurgy. The resulting process creates part by focusing an industrial laser beam on the surface of processing workpiece to create a molten pool of metal. A small stream of powdered alloy is then injected into the molten pool to build up the part gradually. By moving the laser beam back and forth and tracing out a pattern determined by a CAD, the solid metal part is fabricated line by line, one layer at a time. By this method, a material having a very fine microstructure due to rapid solidification process can be produced. In the present work, a type of direct laser deposition process, called Laser Metal Deposition Shaping (LMDS), has been employed and developed to fabricate metal parts. The LMDS apparatus consists of four primary components: energy supply system, motion control system, powder delivery system, and computer control system. These components have their specified functions, but work in association with each other.
Introduction
Laser forming or laser assisted direct metal deposition refers to the additive layered manufacturing technology for building parts from a computer-aided design (CAD) model. In the process of laser direct deposition, a motion control program, developed from the CAD model of a desired metal part, is used to control the motion of a laser focal spot to trace all areas of the part on a substrate, typically a planar layer at a time. Metal powder, sprayed from powder delivery nozzle and injected into the laser focal zone, is heated to its melting temperature and melted completely. Then the liquid metal solidifies onto the prior deposited layer in the wake of the moving molten pool created by the laser beam, thus forming a layer of metal whose dimension is controlled by laser processing parameters [1] . Simultaneously, the substrate is moved in the horizontal plane beneath the laser beam to deposit a thin cross-section, thereby creating the desired geometry for each layer. After deposition of each layer, the powder delivery nozzle and focusing lens assembly is incremented in the upward vertical direction. As a result, successive layers are then stacked to produce the entire part volume of fused metal representing the desired CAD model, thus building a three-dimensional part by joining of adjacent deposited layers. The technology combines rapid prototyping (RP) with laser cladding technique, thereby offering the designer a rapid prototyping capability at the push of a button.
Parts made by laser direct deposition need no intermediate procedure and equipment, therefore saving more time and expense than those by other manufacturing techniques, including Selective Laser Sintering (SLS). It is expected that much less porosity will occur in the bulk and an ideal density can be obtained [2] [3] [4] . The advantage of laser-aided rapid solidification will be taken to give rise to the finer grains and less macro segregation in the microstructure of the as-deposited parts, so the mechanical properties of the parts might be even higher than those of which are made by conventional
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Online: 2011-07-04 ISSN: 1662-7482, Vols. 66-68, pp 2202-2207 doi:10.4028/www.scientific.net/AMM. 66-68.2202 © 2011 methods. Single step processing by direct laser fabrication produces cost savings realized by elimination of conventional multi-step thermo-mechanical processing [2] [3] [4] . Design features such as internal cavities or over-hanging features can be made without joined assemblies. Hard-to-machine materials such as intermetallics, refractory metals, and superalloys can be processed in a single step. Functionally graded compositions can be created within three-dimensional parts to vary the properties to match localized requirements due to the service environment [5] .
Presently, a state-of-the-art automated laser forming system is successfully established at Shenyang Institute of Automation Chinese Academy of Sciences, thereby giving birth to the Laser Metal Deposition Shaping (LMDS) technology. More detailed information on the LMDS system is presented in this paper.
Components of the LMDS System
The LMDS has a number of advantages over previous RP techniques including more robust deposition, more accurate placement of the deposited material and the ability to produce functional gradient materials by simply mixing powders during deposition. The LMDS process is very similar to laser cladding or laser welding in which the laser forms a molten pool on the substrate into which metal powder is injected. The injected powder fuses onto the substrate as the laser scans over the part, leaving a bead of deposited material in its wake. Because material is deposited only where the laser strikes the surface and the laser can be positioned accurately, it is easy to selectively deposit material only where necessary and reduce machining time in subsequent processing operations. The real photograph and schematic illustration of the LMDS system are presented respectively in Fig. 1 (a) and 1(b). The primary components of the LMDS system will be individually addressed as follows. Energy Supply System. During LMDS, it is necessary to adpot high power laser in that the laser energy can directly melt metal powder and fulfill the cladding function. In this system, the cross-flow, tube-sheet and multimode CO 2 laser is employed, whose maximum output power is 3 kW.
In addition to laser, the energy supply system includes the optical shutter, He-Necalibration laser, reflector, focusing lens and cooling system. as shown in Fig. 2 .
In the process of laser processing, driven by the cylinder, the absorption cell and He-Ne laser sink to leave the light path, i.e. opening the optical shutter. The laser beam is reflected by reflector and focused by focusing lens, and then focuses on the surface of the as-fabricated part. When the laser processing is finished, the absorption cell and He-Ne laser, also driven by the cylinder, rise to enter the light path and block the laser beam, i.e. closing the optical shutter. Afer the laser beam enters the absorption cell, the light energy of laser beam is transformed into heat energy, and the latter is taken away by cooling water. At the same time, the He-Ne laser enters the light path and emits the He-Ne laser beam, whose wavelength is 0.633µm. It is a kind of visible red light, and keeps coaxial with CO 2 laser beam. Since the wavelength of CO 2 laser is 10.6 µm, the visible He-Ne laser beam, concentric with invisible CO 2 laser beam, can be used to regulate and calibrate light path. In order to prevent the Motion Control System. The motion control system mainly consists of a six-axis NC (Numerical Control) machine tool, namely three precise controlled linear axes (i.e., X, Y, Z) and three free rotation axes that rotate around the X, Y, and Z axes individually. Compared with typical three-axis machine tool, the integration of rotation axes can eliminate the need for support material (Fig. 3 ), break through profile constraints, and reduce processing time. Accordingly, the motion control for directly fabricating three-dimensional parts can be performed through the NC worktable. During the deposition process, the X-Y plane worktable achieves the horizontal motion of substrate and deposited material. The powder nozzle head is mounted on a vertical linear Z-axis of the NC machine tool. The linear axis positions the nozzle head at the required stand-off distance when the deposition process begins; however, the Z-axis provides the vertical motion for the nozzle head during the deposition process. The positions and velocities of X, Y, and Z axes are regulated via a computer console. Each linear axis is equipped with two limit switches which restrict its own motion range in order to ensure the safety and stability of the LMDS system.
In addition, the motion control system still includes stepper motors and corresponding circuit system, which are used to drive the six-axis NC machine tool. The motion range of the worktable is 2000 mm × 1000 mm × 500 mm, the machining precision of X, Y, Z axis is ± 0.08 mm, ± 0.08 mm, ± 0.05 mm respectively, and the repeatable orientation accuracy is all ± 0.02 mm.
Powder Delivery System. The control of the powder used in direct laser fabrication is one of the most important parameters affecting the quality of the deposited parts [4] . There are mainly two types of powder supply patterns, i.e. coaxial and lateral powder nozzle. In the case of lateral powder supply pattern, the effect of powder delivery direction on the cladding formation is shown in Fig. 4. Fig. 4(a) shows the situation when the direction of powder delivery is the same as the substrate movement, while Fig. 4(b) illustrates the situation when the direction of powder delivery is opposite to the movement of the workpiece. As shown in the Fig. 4 , the formation of the cladding will be strongly dependent on the direction of the powder delivery and the workpiece movement.
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It may be possible for the direction of the powder delivery to be perpendicular to the workpiece transverse direction, in which case the formation of the cladding will be very different from that in the parallel direction. In order to solve the problem of the effect of the powder delivery direction on the formation of the cladding, a coaxial nozzle is designed to feed the powder in the direction of the laser beam, and has been applied into the LMDS system. The real photograph and sectional view of the coaxial powder nozzle are individually shown in Figs. 5(a) and 5(b). The powder is fed from four sides of the nozzle and uniformly distributed between powder taper sleeve and cooling water taper sleeve. Plentiful argon gas, as an inert shielding gas to keep oxygen in the air away from the molten pool, passes through the inside of the nozzle, so protects plano-convex lens from contamination caused by the deposited powder. When the gas is blown out of the nozzle head, the area around the laser spot is flooded with shielding gas to prevent the deposits from oxidation. The nozzle end has been specifically designed to enable the powder to be delivered out at a specific angle to the vertical so that the focal point of the powder coincides with the focal point of the laser beam emerging from the nozzle. This allows maximum powder utilization during deposition. Moreover, the powder flow angle can be regulated by varying the shielding gas flow rates. Indispensably, the water-cooling system has been well designed to keep the appropriate operating temperature for nozzle. Since the powder is added directly to the molten pool, the powder nozzle can move in any direction on the surface. This synchronous, coaxial powder feeding design eliminates the effect of the powder delivery direction on the cladding formation, and makes the LMDS system possess a high degree of flexibility and efficiency. 
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In addition to coaxial powder nozzle, the powder storage and delivery system are truly unique, with two individual powder hopper units assembled together, as shown in Fig. 6 . Fig. 6 exhibits a photograph of the assembly housing which combines two uniform powder feeders. Each powder hopper can hold a significant portion of the powder. During the deposition, the powder flows from the hopper outlet down to an annular groove of a rotary table in a chamber, as shown in Fig.  7 . With the rotation of the disk, the powder in the annular groove is transported to a nearby suction nozzle, which is fixed over the annular groove, but a little space is left between them. By virtue of the air pressure of shielding gas, the powder carrying gas is forced into the suction nozzle, and then is delivered to the nozzle head along the powder feeding tube. Each powder feeder is driven by respective motor, and also has its own feeding tube. The two feeding tubes are connected into a mixing channel through a three-way coupling joint. The converged tube is subsequently divided into four parts by splitters, which uniformly distribute the powder into four tubes leading to the nozzle end, and then the powder is sprayed into the laser generated molten pool. When the two powder feeders carry different powders, the two kinds of powders, delivered by gravity and shielding gas, can be mixed on line after they pass through the three-way coupling joint. At the same time, by regularly adjusting the rotational speed of each motor, the functionally graded material can be fabricated freely. Accordingly, a single deposited layer can easily have continuously varying material properties such as hardness or corrosion resistance. This would lead to parts with tough cores and hard surfaces without distinct interfaces between the two materials. Hence, great flexibility over powder control can be achieved in the LMDS system. The homogeneous material can be obtained with one or two working feeders which carry identical powder, the heterogeneous material can be gained with two working feeders which deliver different powders respectively, and the functionally graded material can be acquired with two working feeders which transport dissimilar powders with continuously varying powder flow rate individually. Computer Control System. The computer control system consists of two components: software and hardware. The software, known as the system application program, produces a CLI (Common Layer Interface) file which contains layered contour geometric information and is commonly sliced from a discrete CAD solid model, namely STL (stereolithographic) file which is composed of numerous triangle facets and describes the normal vector of the triangle facet and the coordinates of the three vertices of a triangle facet, and then orderly achieves the entire part shaping process according to the CLI file. The software provides a graphical user interface (GUI) for the control of CAD data processing, the motion of the stage, and powder regulation, as well as controls the safety and processing shutters. The hardware includes an industrial computer, several motors, and a PCI-1240 motion control card exploited by Advantech Co., Ltd. in Taiwan. The whole computer control process is portrayed in Fig. 8 .
The two motors of the powder feeders are driven by PCI-1240 motion control card. The specified powder flow rates are set in the computer according to the calibration information of the powder flow rates. The required chemical composition of the deposited metal part is determined by the combination of the two different powder feeders. The cladding profile is determined by processing
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Mechanical, Materials and Manufacturing Engineering parameters, such as laser power, scanning velocity, spot diameter and powder flow rate, and so on. Hence, the flow rates of the powder feeders must be specified, and then the percentage of the powders delivered by respective feeders can be entered into the computer. Therefore, the powder flow rate of each powder feeder can be calculated. The motor speed can then be calculated and transmitted to the PCI-1240 motion control card to deliver the required powder into the laser generated molten pool. The CNC workstation is communicated with the computer through the PCI-1240 motion control card. First, the program opens a CLI file to read layered data, and then drives the worktable according to the generated scanning path and processing layout information, so the desired fully-dense part can be deposited point by point, line by line, and layer by layer. Fig. 8 . Rendering showing the computer control process
Summary
The LMDS system is primarily composed of four components, namely energy supply system, motion control system, powder delivery system, and computer control system. They individually perform the specified functions, but coordinate with each other. Apparently, automation is indispensable to the LMDS system. The three-dimensional NC working table, laser shutter, powder feeder, PCI-1240 motion control card, and CCD camera are interconnected and networked to the LMDS computer. Using this networked LMDS system, the cladding area or pattern, and powder flow rate or composition can be programmed into the computer. This LMDS system gives a high level of flexibility and automation, which makes operation of the LMDS system possible and easy.
